Pulmonary arterial hypertension (PAH) is rare in children and few data are available in a pediatric general population. This study aims to calculate the annual incidence and prevalence of PAH and to describe these children in a large US population of patients aged under 18 years. Using the US MarketScan claims database we identified 695 children with PAH in 2010-2013. We calculated annual incidence rates and prevalence overall, by age and PAH type (idiopathic and non-idiopathic) using Byar's method. We also described characteristics, co-morbidities, treatment patterns, and diagnostic procedures for these children. In 2010-2013, the annual incidence rates of PAH per 1,000,000 children-years was in the range of 4.8-8.1; 0.5-0.9 for idiopathic PAH and 4.3-7.3 for non-idiopathic PAH. The annual prevalence of PAH was in the range of 25.7-32.6 per 1,000,000 children; 4.4-6.0 for idiopathic PAH and 21.3-27.0 for non-idiopathic PAH. Incidence rates and prevalence were highest in children under age 2 years. Around 36% of affected children were born prematurely. Most (75%) had some type of congenital heart defect and 13% had Down's syndrome. Most patients received PAH monotherapy (83%), while 13% received dual therapy. Phosphodiesterase type 5 inhibitors were the most commonly used treatments. Around 92% had at least one echocardiogram and 37% a right heart catheterization. PAH is very rare in children especially in the absence of etiological factors such as congenital heart defects. A large proportion of diagnoses in children seem to be based on echocardiography rather than right heart catheterization.
Introduction
Pulmonary hypertension (PH), characterized by abnormal elevation of mean pulmonary artery pressure equal to or above 25 mmHg, is often associated with diverse cardiac, pulmonary, and systemic diseases, and causes significant morbidity and mortality in children. 1, 2 Pulmonary arterial hypertension (PAH), formerly referred to as primary pulmonary hypertension, encompasses Group 1 in the Dana point classification of PH. [3] [4] [5] PAH accounts for a majority (88%) of pediatric PH cases, 6 and the main etiological subtypes of pediatric PAH, besides persistent pulmonary hypertension of the newborn (PPHN), are idiopathic PAH and PAH associated with congenital heart defects (CHD). 7 Over the past few decades, advances in understanding basic pulmonary vascular biology have led to the development of several novel therapies, which have expanded therapeutic options and improved survival and quality of life for children with PAH. 8 However, long-term outcomes for children with severe PAH remain poor. 1 Currently, pediatric PAH is treated following guidelines mostly based on strategies developed for the adult population. In the absence of specific pediatric therapeutic and diagnostic evidence, there is general acceptance of adult-based evidence among pediatricians. 9 However, it has been reported that extrapolating all results from adult PAH patients to children may not be completely appropriate and thus specific studies in pediatric populations are needed. 10, 11 Despite the serious nature of PAH, its true incidence and prevalence in the pediatric population remain uncertain. To date, only a few European and North-American registrybased studies have been published and they estimated the incidence and prevalence of PAH to be 0.5-2.2 cases per million children-years and 2-16 cases per million children, respectively. [12] [13] [14] Although registry-based studies provide useful information on the clinical management of patients, data often lack generalizability. We identified a population-based source of data, US commercially insured patients, from which to calculate the annual incidence rates and prevalence of PAH and to describe characteristics, co-morbidities, treatments, and diagnostic procedures used in a population of children aged under 18 years with PAH in 2010-2013. These data should provide useful information to guide future clinical management of pediatric PAH patients.
Methods
The data were derived from a Boston University held copy of the MarketScan Commercial Claims and Encounters Database (CCE) of Truven Health Analytics, a large USbased claims database containing data from 2007 through 2013 on over 50 million patients from over 150 large employers geographically distributed throughout the US that covers employees and their dependent family members. It has been reported that there is reasonable agreement on age, sex, and census region between the CCE database and the Current Population Survey respondents aged <65 years, who participated in employer-sponsored private insurance. 15 The database contains basic demographic and enrollment data, and information on paid claims for pharmaceuticals, medical services (with diagnoses recorded), and inpatient and outpatient procedures. Diagnoses are coded using the ICD-9-CM system. Procedures are coded using the Current Procedural Terminology, Fourth Edition system and the Healthcare Common Procedure Coding system. Drug prescriptions are coded using the National Drug Code. This study was approved by the Boston University Medical Center Institutional Review Board.
Study population
The study population comprised all patients aged under 18 years at any time during the years 2010-2013 in the CCE data.
Study outcome
Among the study population we identified all patients aged under 18 years who had at least one primary or secondary diagnosis claim for primary pulmonary hypertension (ICD-9-CM: 416.0), other chronic pulmonary heart diseases (ICD-9-CM: 416.8), or PPHN (ICD-9-CM: 747.83). Among these, we defined PAH cases as those who had 1 prescription(s) for PH treatment, including phosphodiesterase type-5 (PDE 5) inhibitors, endothelin receptor antagonists, calcium channel blockers (CCBs), prostanoids, and riociguat. The index date was the earliest claim for PH in the study period. To minimize misclassification of PAH, we excluded patients with claims for conditions listed in Groups 2, 3, 4, and 5 of the Dana Point classification before the index date in the absence of one of the following: CHD; chromosomal anomalies or syndromes (such as Down's syndrome, velocardiofacial syndrome, etc.); connective tissue diseases; HIV infection; portal hypertension; schistosomiasis; or chronic hemolytic anemia. 5 See Supplementary Table 1 for all codes. We classified each PAH patient into two groups: (1) transient PAH; or (2) persistent PAH; based on the following algorithm: transient PAH cases were those diagnosed early in life (usually aged less than 1 year) that resolved after treating the underlying cause. These included cases with claims for PPHN only and cases whose last claim for PH or PPHN occurred before the patient was 180 days old (based on estimated birth date; Appendix I and Supplementary Table 2 ). The persistent PAH category included all remaining cases, i.e. cases who had claims for PH after 180 days of age. We then restricted the analysis to cases with persistent PAH because cases with transient PAH had different natural history, outcome, and treatment patterns that usually resolved during the neonatal period. See Fig. 1 for a description of the case selection process.
Persistent PAH cases were further classified as non-idiopathic if they had claims for CHD, chromosomal anomalies or syndromes, or claims for connective tissue diseases, HIV infection, portal hypertension, schistosomiasis, or chronic hemolytic anemia recorded any time before or on the date of the first-ever claim for PH; otherwise, they were considered to be idiopathic PAH cases. We also identified incident PAH cases. These were cases with no claims for PH before 1 January 2010, no PH treatment before the index date, and who had been registered for at least 1 year in the database before the index date if they were aged 1 year or older.
Statistical analysis
We calculated annual incidence rates based on the number of incident persistent PAH cases over the person years of follow-up in the database for people aged under 18 years in each calendar year using Byar's method. Person time was accrued from the day of patient registration or 1 January 2010 (whichever came later) until they met our definition for PAH, reached age 18 years, left the database, or the end of data collection (December 2013), whichever was earliest. For incidence analyses we restricted the study population to persons who had been registered for at least 1 year in total in the database except for patients who were aged less than 1 year, in which case we accrued person-time since registration date. To calculate annual prevalence, we estimated the number of patients aged under 18 years in the database in each year during 2010-2013. A person contributed to the denominator of each year from the date they entered the database on or after 1 January 2010 until they reached 18 years, end of data collection, or they left the database, whichever came first. A person was included in the numerator of the appropriate calendar year in which the first claim for PH-treatment or diagnosis-was recorded, and for each year of follow-up in which another PH diagnosis or treatment was recorded. Both incidence and prevalence were stratified by age (<1, 1 -< 2, 2 -< 6, 6 -< 12, 12 -< 18 years) and idiopathic versus non-idiopathic PAH.
Based on PH-targeted treatments recorded in the study period, we described treatment patterns by grouping them into mono-, dual, or triple therapy. The treatments considered for the analysis were: PDE-5 inhibitors; endothelin receptor antagonists; CCBs; and prostanoids (riociguat was not found in the study population). Users with monotherapy were those who either received one type of PH treatment only during the study period or who switched from one type only to another type. Users with dual or triple therapy were those who concomitantly received two or three types of PH treatment at some point during the study period. We also described the diagnostic procedures recorded within 30 days before, on, or any time after the index date. Diagnostic procedures of interest are those described in the 2015 ESC/ERS guidelines for diagnosis and treatment of PH. 16 Specifically, chest radiograph (X-ray), electrocardiogram, echocardiography, chest computed tomography (CT) with and without contrast, and right heart catheterization were considered critical diagnostic procedures. 17 All relevant codes are listed in Supplementary Table 3 . Finally, we collected information on different co-morbidities as listed in Supplementary  Table 1 . A patient was considered to have a co-morbidity if they had at least two claims for that co-morbidity at least 1 day apart.
Since transient PAH included those whose last claim for PH or PPHN occurred before the patient was aged 180 days, and persistent PAH category included cases with claims for PPHN before 180 days of age followed by claims for PH after 180 days of age, we conducted a sensitivity analysis to use a 365-day cutoff instead of a 180-day cutoff for the PAH grouping and then repeated the main analyses.
All analyses were conducted using SAS statistical software version 9.3 (SAS Institute, Cary, NC, USA).
Results
There were between 10 and 12.6 million patients aged under 18 years in the CCE data in any given year between 2010 and 2013 among whom we identified 830 children with PAH: 135 with transient PAH and 695 with persistent PAH (including 219 incident cases) ( Table 1 ). See Fig. 1 for the selection process. Of these persistent PAH cases, 35% had their first diagnosis before they were aged 1 year, around half were boys (53.2%), and 36% were born prematurely (<37 weeks). The annual incidence rates of persistent PAH were in the range of 4.8-8.1 per million children-years and prevalence of 25.7-32.6 per million children across the study period, and were higher in children aged under 2 years and then dropped markedly. The incidence and prevalence of idiopathic PAH were 0.5-0.9 per million children-years and 4.4-6.0 per million children, respectively (Tables 2 and 3 ).
Of the persistent PAH cases, 83% received monotherapy, 13% received dual therapy, and 3% received triple therapy ( Table 4 ). Note that two children had concomitant use of four drug types. The majority of treatments received were PDE-5 inhibitors; CCBs were the second most commonly prescribed drugs. Medical procedures used to diagnose PAH are described in Table 5 . Around 93% of children had received either an echocardiography or a right heart catheterization just before, on, or after the PAH diagnosis. Table 5 shows more details.
Co-morbidities of the 695 persistent PAH children are provided in Table 6 . Around 75% of children had a CHD diagnosis in their record at some time and most of these were ''bulbus cordis anomalies and anomalies of cardiac septal closure'' and ''other congenital anomalies of the heart.'' In addition, 27% had some kind of congenital syndrome such as Down's syndrome and 20% had some kind of congenital musculoskeletal or respiratory system anomaly. Other co-morbidities recorded in the 90 days prior to the index date are also noted in Table 6 . Note that one child could have more than one type of co-morbidity.
Discussion
Although PAH is very rare in children and especially rare in the absence of etiological factors such as CHD, the annual incidence rates and prevalence of PAH in this US commercially insured pediatric population were higher than the estimates reported in registry-based studies from European countries. This study represents the first large, pediatric, population-based, epidemiological study using a highly specific definition of PAH. The PAH patients were identified from over 10 million children (aged < 18 years) distributed across the US and represented in the MarketScan Database.
In this pediatric population, the annual incidence rate of PAH was in the range of 5-8 per million children-years in 2010-2013. The prevalence of PAH was in the range of 26-33 per million children. The incidence rate and prevalence for idiopathic PAH were even lower: 0.5-0.9 per million children-years and 4.4-6.0 per million children, respectively. Although the incidence and prevalence of PAH are higher than those reported in previous studies from Europe, our estimates of idiopathic PAH were similar to those reported. A multicenter registry-based study conducted in France estimated a prevalence of 3.7 cases per million children for PAH and a prevalence of 2.2 cases for idiopathic PAH. 12 However, this study excluded PAH cases caused by CHD. Similarly, the annual incidence and prevalence in the UK was 0.48 and 2.1 cases of idiopathic PAH per million children, respectively. 13 Using the Dutch national registry data, van Loon et al. reported an annual incidence and point prevalence of 0.7 and 4.4 cases of idiopathic PAH and 2.2 and 15.6 cases for PAH-CHD per million children, respectively. 14 A few registry-based epidemiological studies have described the clinical features or treatment patterns for pediatric PAH. The TOPP registry study, an international registry for pediatric PH, found that PAH was present in 317 (88%) out of 362 children with PH, and, among those with PAH, 182 (57%) were idiopathic or familial and 115 (36%) were associated with CHD. In addition, 13% of children with PH had chromosomal anomalies (mainly Down's syndrome) and 13% were premature (gestation < 37 weeks). 6 Data from 216 US pediatric patients from the REVEAL registry showed approximately half of the patients had idiopathic PAH and 35% had PAH associated with CHD. At enrollment, monotherapy with prostanoids, PDE-5 inhibitors or endothelin receptor antagonists was given to 87 (41%) of the overall PAH patients, dual therapy was given to 63 (30%), and triple therapy was given to 28 (13%). In total, 121 (56%) of the patients included in this analysis were treated with PDE-5 inhibitors alone or in combination. 18 In the French registry study, 50 children with PAH were followed, of whom 70% were idiopathic or familial and 18% had a history of premature birth (gestation < 36 weeks). Treatment changed markedly during follow-up with an increase in the proportion of patients treated with sildenafil (6% at enrollment and 34% at the last assessment). Treatment patterns also changed from monotherapy to dual and triple therapy. Bosentan was the most frequently prescribed drug at start and end of follow-up within this population. 12 In the UK, Moledina et al. identified 64 children with idiopathic PAH: 41 treatment-naı¨ve at start; and 23 who were already receiving treatment. Around 57% of those initially treated with monotherapy progressed to dual therapy after a median of 23 months and seven progressed to triple therapy. 13 In the Netherlands, data from two national registries showed that among 154 progressive PAH pediatric patients, 23% were idiopathic and 72% were associated with CHD. PAH drugs were prescribed to 53 (34%) of all progressive PAH patients, of whom 37 received one drug, 12 received two drugs, and four received three drugs.
14 In our study, most PAH cases (75%) had some type of CHD, 13% had Down's syndrome, and only 18% were idiopathic. These results were similar to the Dutch registry report, 14 but not other registry studies. 6, 12, 18 Since there was no information available on the etiological nature of PAH, we cannot rule out the possibility that our etiological classification of PAH cases, based on the co-morbidity profile, resulted in some misclassification of non-idiopathic cases. It is important to note that 82% of cases were associated with other conditions in our study, mainly CHD and chromosomal anomalies or syndromes. Together with idiopathic PAH, PAH associated with CHD is the most common form of PAH in pediatric patients. In addition, CHD is frequently associated with complex syndromes like Down's syndrome. In a recent analysis of patients with PAH and CHD, 45% had concurrent syndromes, mostly Down's syndrome (30/60 children), or other associated complex syndromes like Noonan or DiGeorge. 19 Both CHD and/or other complex syndromes or diseases can cause PAH and increase the need for specialist care in pediatric patients, often from the first day of life, or even prenatally. In addition, the prognosis in these complex patients may be aggravated by their co-morbidities. Thus, (multi)specialist care in these patients is expected and management of PAH may be only one of several problems that need attention. If repair of the CHD occurred in children whose PAH was diagnosed early, these PAH-CHD cases may not have been captured in registry-based studies. In addition, 36% of our study population was born prematurely, which is a higher proportion as compared to the TOPP registry study (13%) and the French registry study (18%). 6, 12 Differences in the study source population and in the methods for PAH case ascertainment may explain the discrepancies between the US and European analyses. We did not exclude patients born prematurely from the PAH case definition because, while prematurity often causes chronic lung disease (CLD), which is the most frequent cause of PH in Group 3 of Dana Point Classification, only a small proportion of premature babies are born early enough to develop severe CLD and associated PH. To assess the extent of prematurity we provided information on gestational age in Table 1 : 16% of children were known to be born before or at 32 weeks of gestation. It is acknowledged that the number of hospitalizations due to CLD associated with PH have increased in the US, likely explained by the improved survival of very low and extremely low birthweight infants. 20 However, those who had CLD due to prematurity would likely have received a diagnosis of CLD and thus been excluded from the case definition in the absence of an etiological cause for PAH.
We also found that most PAH cases were treated with monotherapy only during follow-up and a smaller proportion of children were treated with dual or triple therapy compared with previous studies. Drug treatments included predominantly use of PDE-5 inhibitors (80%) and CCBs (9%), both in monotherapy. It is difficult to compare these results directly with previous findings from registry-based studies which included a number of patients who were treatment-naı¨ve at enrollment, while PH treatment was part of the definition of PAH in our study. However, treatment patterns at the end of follow-up in most European and US registries show a similar distribution of treatments with a predominance of PDE-5 inhibitors; though in the French registry, endothelin receptor antagonists were the most commonly prescribed drugs. In addition, there was more polytherapy in the UK registry as compared to our study, which may be related to differences in severity of PAH between the two study populations. It was expected that PDE-5 inhibitors would be the most commonly used treatments in the study period due to its recent commercialization. The PDE-5 inhibitor sildenafil was first approved for use in adults in June 2005 by the US Food and Drug Administration. The intravenous formulation was approved in November 2009, also for adults. The pediatric studies and experience with this drug have led the medical community to often use PDE-5 inhibitors as the base for PAH treatment (alone or in combination). The findings of our research indicate a scarcity of treatment options for this population and the need for alternative treatment combinations that could be more tailored to individual patient needs.
Only 37% of PAH patients in our study had a record for right heart catheterization, whereas nearly all, 92%, had echocardiography, which is a non-invasive, though less accurate, technique for diagnosing PAH. The rate of right heart catheterization found in our study is lower than in some registry-based studies (e.g. 71% in the Dutch Registry 14 ), but is consistent with the general notion that most children with PH do not undergo a complete evaluation. 14, 21 Right heart catheterization in children has a higher risk of adverse outcomes than in adults, 21 in particular among critically ill preterm babies already at risk for adverse outcomes. This could be the reason for avoiding right heart catheterization in some patients. Clinical and echocardiographic assessment may be the diagnostic approach with the best benefit-risk profile in these highrisk patients. 22 Among study PAH patients who were known to be born before or at 32 weeks of gestation, only 19% had a record for right heart catheterization, which lends support to this possibility. Other reasons could include lack of consent by parents or patients. If true, this observation suggests that there is a need for non-invasive, safe diagnostic procedures at least as accurate as right heart catheterization to improve the rate of diagnosis and precise clinical evaluation of PAH. Furthermore, right heart catheterization is also used to assess the response to pulmonary vasodilators before starting CCBs, thus it is possible that patients did not have the opportunity to receive guidelinerecommended CCBs as a first therapy because no acute vasoreactivity testing was performed in the majority of patients. Moreover, CCBs are contraindicated in children who have not undergone or are non-responsive to acute vasoreactivity testing. 1 In our study, only around 33% of the CCB users had a record for right heart catheterization. The reported proportion of children with idiopathic PAH who received CCBs as monotherapy (and were acute responders) has been quite variable: 24% in a Dutch cohort, 23 11% in the French registry, 12 6% in the Spanish registry, 24 and 9% in the UK registry. 13 In the Reveal registry, 25 20% (43/211) of all PAH patients received CCBs as monotherapy (21/211) or in combination (22/211), and 42 of 43 patients had undergone acute vasoreactivity testing. Twenty-two (52%) were responders, according to the adapted pediatric definition. These patients were treated with CCBs and had a better prognosis. In our analysis, 9% of PAH patients received CCBs in monotherapy, 2.1% in dual combination therapy, 0.5% in triple combination therapy, and 0.3% in quadruple combination therapy; 11.9% of patients in total. Despite this, because a majority of PAH patients (68.5%) were prevalent cases, i.e. they may not have been in the database when the condition first occurred, we cannot rule out the possibility that we missed some right heart catheterization procedures if they occurred when the diagnosis of PAH was first made or the PAHtargeted treatment was initiated.
This study has some limitations to be considered when interpreting the results. First, our analysis is based on a claims database that, because of its administrative character, may have included incorrect diagnosis codes. However, we identified PAH patients based on diagnostic codes and PAH-targeted treatment, likely increasing the validity of our case definition and reducing potential inclusion of non-PAH cases (e.g. those with only rule-out diagnoses that were later not confirmed and consequently did not result in treatment). Second, the CCE database provides year of birth (not month and day) for confidentiality reasons. Although we estimated actual birthdate by searching for the first ICD-9-CM birth code, there is a possibility that we misclassified the age at the first/last diagnosis of PH or PPHN for some cases, especially in very young children. To examine the potential impact of age misclassification, we conducted secondary analyses to use 365 days of age instead of 180 days of age as the cutoff for the PAH grouping. The results were similar to the primary findings: incidence rates of 2-6 cases per million children-years and prevalence of 23.4-30.4 cases per million children. Third, there is no access to original clinical records in the CCE database, thus validation of PAH was limited to electronic record review. In a later step, we excluded those cases who had an etiological cause compatible with groups 2-5 of the Dana Point classification and none compatible with PAH to minimize misclassification. Still, some of the PAH patients have a concomitant underlying condition compatible with other PH groups (Table 6 ) but the causal relationship between these conditions and the PH diagnosis could not be disentangled. Therefore, although some misclassification of PAH may have occurred, we believe it was minimal given that in clinical practice almost 90% of diagnosed PH cases among children are in fact PAH. 14 We did not have information on the point of service or the specialty of the treating physician, which could have provided additional confidence in a PAH diagnosis. We also did not have complete information on surgery or catheter treatment among those who had CHD, particularly among prevalent cases aged 4 years or older since such treatments could have occurred very early in their life and thus not have been captured in the CCE database. When we classified PAH cases into idiopathic and non-idiopathic, we relied on their co-morbidity profile to identify conditions listed in the Dana Point group 1 and chromosomal anomalies or syndromes (such as Down's syndrome). Cases of idiopathic PAH, by definition, did not have conditions such as neurofibromatosis, chronic pulmonary disease, etc., because these patients were excluded at an earlier stage in the study. Nevertheless, it is likely that some PAH and idiopathic PAH cases were misclassified. We did not have information on gene mutations to distinguish heritable PAH from idiopathic PAH thus there may be some heritable PAH cases included in the idiopathic group. Additionally, patients in the US change health insurance plans frequently so long-term follow-up in the CCE database was limited. Consequently, we did not always have clinical data at the time that the original PH/PPHN diagnosis was made. To minimize the impact of this difficulty we restricted the study population to patients who had been registered for at least 1 year if they were aged 1 year or older, hence ensuring a follow-up of at least 1 year among PAH cases before the first diagnosis was recorded. This selection is likely non-biased and thus the population at risk in the CCE database is still fairly representative of the overall US population. Fourth, the CCE database does not record drugs prescribed in hospitals. Therefore, it is possible that we missed some drug treatments, especially for severe cases who were likely to be hospitalized. Fifth, while the CCE database is geographically largely representative of the US, it does represent commercially insured patients and their families and thus not all social groups are equally covered, e.g. families on social welfare and Medicaid are not represented. However, there is no evidence for differences in pediatric PAH occurrence across different socioeconomic groups. Finally, there were more boys than girls in each year of the study (difference in the range of 4.29-4.46%). This is consistent with data from the U.S. Census Bureau statistics which also reported a difference (4.5%) between boys and girls aged 19 years in 2010. 26 In conclusion, this analysis of a large, population-based cohort of pediatric patients using claims data indicates that the incidence and prevalence of PAH among US children is low and most affected patients have CHD and/or chromosomal anomalies/syndromes. PDE-5 inhibitors are the most commonly used therapy as monotherapy or in combination with other drugs. The results suggest that many patients do not undergo the recommended right heart catheter diagnostic evaluation. Further research is needed in the field of pediatric PAH to provide the medical community with a better understanding of this condition for better management and improved outcomes in these patients. New noninvasive diagnostic methods or algorithms and new evidence-based treatment options should be the focus of future pediatric PAH research. Further epidemiological research will benefit from accurate and validated case ascertainment methods.
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